Effects of [Ca211 on isometric tension and unloaded shortening velocity were characterized in single chemically skinned myocytes from frog atrium and in mechanically disrupted myocardium from rat ventricle. The 
In striated muscles the maximum velocity of shortening (Vm,) during contraction is thought to be determined by the rate of detachment of myosin heads from actin.' In biochemical experiments, ADP dissociation from myosin has been shown to be sufficiently slow to be the rate-limiting step in cross-bridge dissociation and has therefore been proposed as the primary determinant of mechanical Vm,,.2 Possible effects of Ca'+ on the kinetics of actin-myosin dissociation have been investigated mainly in preparations from skeletal muscle. Using proteins in solution, Rosenfeld and Taylor3 observed that the rate of dissociation of ADP and Pi from the actin-myosin complex increases 10-20- Figure 3 of Reference 16); 5) after the knots were loosely tied, the cell was stretched taut to a sarcomere length of approximately 2.4 gm; and 6) after the cell was initially activated in solution of pCa 4.5, sarcomere length was determined from a photomicrograph (Polaroid 107 film, x 640 at the film plane) of the cell while in relaxing solution. Microscopy, solution changing procedures, and recording instrumentation were described previously.17
Female Sprague-Dawley rats (250-300 g body weight) were anesthetized by intraperitoneal injection of sodium pentobarbital (40-50 mg/kg). The rat ventricular myocardial preparation, attachment procedure, and experimental apparatus were identical to those described by Hofmann et al. 17 Freshly isolated ventricles from rat hearts were placed in relaxing solution and then homogenized in a blender, resulting in a suspension of small clumps of ventricular myocytes and cell fragments. Disrupted ventricular myocardium was attached to the experimental apparatus by touching the ends of the preparation with micropipettes coated with uncured silicone adhesive (Dow Corning Corp., Midland, Mich.). After the adhesive was allowed to cure, the preparation was lifted to the center of a drop of relaxing solution. Before any activations, the preparation was immersed in a 3% Triton X-100 solution for 10 seconds. Photomicrographs of rat ventricular myocardium were taken with a 35-mm camera system (Olympus model PM-0, x540 at the film plane).
All data were obtained at 22°C. Figure 1 presents photomicrographs of a frog chemically skinned atrial myocyte (panel A) and a preparation of rat mechanically disrupted ventricular myocardium (panel B) in relaxing solution and of the same rat ventricular preparation during maximal activation (panel C). After a photograph of a frog myocyte in relaxing solution was obtained, additional photomicrographs of the activated myocyte were not possible since the motion associated with removing the Polaroid camera from the microscope to withdraw the next exposed film broke the cell attachment to the apparatus. Instead, sarcomere length was monitored during activation by using a filar micrometer x 10 eyepiece. Frog myocytes that shortened during maximal activation by more than 0.30 gtm per sarcomere were discarded. For measurements on rat myocardium, a 35-mm camera back was installed on the inverted microscope and photomicrographs were taken during steady activations. From the photomicrographs, it was evident that mean sarcomere length in every preparation varied by less than 0.20 gm between rest and maximal activation (compare panels B and C in Figure 1 ). Within individual preparations of rat ventricle, the standard deviation of sarcomere length measurements was approximately 0.10 ,um in relaxing solution and 0.11 gm during maximal activation. These measurements indicate that the compliance of the preparations at the points of attachment was relatively small, suggesting that attachment with silicone adhesive caused minimal damage to the preparation.
Typically, a tension-pCa relation was obtained by initially measuring force during maximal activation (pCa 4.5), followed by contractions at randomly chosen submaximal pCa values and again at pCa 4.5 to assess any decline in the performance of the cell. Tensions at submaximal Ca'+ concentrations were expressed as fractions of the maximum tension developed by the same myocyte at pCa 4.5. Thus, tension-pCa data are presented as normalized, relative tension-pCa relations. Hill plots of the data were fit by least-squares regression with the Hill equation
where Pr is tension as a fraction of P0 (or P/P.), n is the Hill coefficient, and k is the intercept of the fitted line with the x axis. By using the constants derived from the Hill equation, tension-pCa curves were fit by computer with the equation
Hill plot transformation of the data allowed direct comparisons of the forms and midpoints of the tensionpCa relations in the two myocardial preparations.
Vm. was measured with the slack test method. '9,20 Myocytes and disrupted ventricular myocardium were first activated with Ca' . When steady tension was reached, the preparation was rapidly (within 5 msec) slackened; the preparation was then returned to relax-A.
B, C.
ing solution and reextended to its original length. This procedure was repeated several times on each preparation, except that the amount of slack introduced was varied. The time required to take up the imposed slack was measured as the interval between the beginning of the length step and the onset of tension redevelopment. During submaximal activations of frog atrial cells, the cell was repeatedly slackened by varying degrees and then reextended during continuous activation5 to reduce the decline in tension that was otherwise observed when the cell was subjected to numerous solution changes. Plots of change in length versus duration of unloaded shortening were fit with straight lines using a least-squares method. Vm,, in muscle lengths per second was calculated from the slope of each line. A fit was calculated only if a line contained four or more points, and data were discarded for r<0.95 for the fitted lines. Bars, 25 gm.
Results Average values and ranges of preparation length, width, sarcomere length, maximum tension, and passive tension are presented in Table 1 for frog chemically skinned atrial myocytes and mechanically disrupted ventricular myocardium from rat. Because we were unable to measure cell depth, force could not be normalized to cross-sectional area. One of the noteworthy differences between the two cell types is the large difference in width, which presumably accounts for the smaller maximum tension generated by frog atrial myocytes and the significantly greater passive tensions in our preparation of rat ventricular myocardium.
Comparison of cumulative tension-pCa relations from frog atrial myocytes and rat ventricular myocardium reveals a difference in Ca2' sensitivity of isometric tension ( Figure 2 Maximum isometric tensions generated by the frog skinned atrial myocytes in this study (Table 1) were somewhat greater than the 0.02 mg peak tension reported by Tarr et all1 for frog living atrial myocytes during auxotonic contractions. Maximum isometric tensions developed by the rat skinned ventricular myocardium were similar to values found earlier in this laboratory17'22 and were also similar to values reported for single skinned ventricular myocytes. 23 The latter result suggests that the cross section of our mechanically disrupted rat ventricle preparation is approximately equivalent to the cross section of a single ventricular myocyte. Both myocardial preparations used in the present study had sigmoidal tension-pCa relations (Figure 2) , although the Ca21 sensitivity of tension developed by the rat atrial myocytes was somewhat greater. This difference in Ca24 sensitivity between frog atrial and rat ventricular myocardium may be due to differences in thin filament protein isoform composition, which has previously been shown to be associated with altered affinity of troponin C for Ca24.24
The increased Ca2`sensitivity of tension observed in the presence of caffeine (Figure 3 ) is most likely due to a direct effect of caffeine on the myofibrillar proteins,21 possibly due to an alteration of the affinity of troponin C for Ca2. Because our myocyte preparations were treated with Triton X-100 and the Ca2' buffering capacity of our solutions was high, the altered sensitivity of tension cannot be explained as an effect of caffeine to mobilize Ca24 from the sarcoplasmic reticulum. Caffeine also reduced the mean slope of the tension-pCa relation in the range of pCa >6, although the basis for this effect is unclear.
Absolute values of Vmax during maximum activation at 22°C were 4.32 muscle lengths per second for frog atrial myocytes and 4.46 muscle lengths per second for rat ventricular myocardium (Tables 2 and 3 During analysis of the velocity data from single atrial myocytes and disrupted ventricular myocardium, a concern arose about possible effects on the results of passive tension in these preparations. Recent work by Claflin et al25 on living skeletal muscle fibers showed that when passive tension was increased by stretch, Vma,. obtained with the slack test did not vary as long as the slack steps were applied from the same initial sarcomere length or passive tension, although the intercepts of slack test plots increased. In the present study, the initial sarcomere length and passive tension were constant during velocity measurements on a given myocyte, making it likely that the passive tensions characteristic of our ventricular myocytes did not affect Vm.. Consistent with the high resting tensions expressed by our preparation of disrupted ventricular myocardium, the y intercepts of the slack test plots ( Figure 7) were much higher for this preparation than was previously observed in skeletal muscle and were usually higher than observed in the single atrial myocytes from frog ( Figure 5 ). The y intercept of slack test plots is thought to be a measure of intercept in the presence of high passive tension have been associated with an initial rapid recoil of sarcomere length subsequent to the length step.'925 Our findings are consistent with this idea in that the greatery intercepts in slack test plots from disrupted ventricular myocardium were generally associated with the greater passive tensions in this preparation. For example, the resting tension borne by the frog atrial myocyte in Figure 5 was 0.01 PO, whereas resting tension for the rat ventricular myocardium preparation in Figure 7 was 0.08 P.. In addition, the relatively slow response time of our force transducer (from 0% to 100% in 5 msec) would be expected to yield artifactually high y intercepts in the slack test plots from both of our myocardial preparations. control experiments in the present study is that the preparations shortened to sarcomere lengths less than 1.65 ,um, thereby encountering an internal load that would slow shortening. 27 In the presence of such a fixed load, the velocity of shortening would be expected to decrease at low levels of activation as a result of reduced tension-generating capability. This possibility was excluded in the present study by monitoring sarcomere length by direct observation and with a video recording system, which showed that sarcomere length was always between 2.2 and 1.6 ,um. Another argument against possible contributions of a passive internal load is that the time course of shortening revealed in the slack test plots is linear. If a structural internal load were impeding shortening, it would be expected to have a greater effect as shortening proceeded; i.e., velocity would be expected to become progressively slower as shortening continued, which is not the case in the present study. The possibility remains that an internal load does slow velocity in heart muscle at low levels of activation,28 although our results suggest that such an internal load does not accumulate as shortening continues, which generally eliminates simple compression of passive structural elements as a likely cause for such a load.
Another mechanism that could account for the decrease in Vma, observed at low [Ca21] is that, as the level of thin-filament activation decreases, cross-bridge detachment slows because of a Ca21-dependent decrease in the rate of ADP release,3 which could give rise to long-lived cross-bridges that slow velocity.5 In addition, there is evidence from skeletal muscle that C protein, a thick-filament accessory protein,29 is involved in the slowing of velocity at low levels of activation. Partial extraction of C protein has been shown to reversibly increase Vma, in the low-velocity phase of shortening.30
This result, together with evidence that C protein associates with the subfragment 2 portion of myosin,31 is compatible with the idea that at low levels of activation C protein places a structural constraint on the crossbridge, which in turn slows velocity. 30 The presence of C protein in cardiac muscle32 suggests that cardiac and skeletal muscles may share at least one common mechanism for falloff of Vm, at low levels of activation.
Whatever its specific mechanism, Ca2' dependence of Vmax in myocardium is likely to play an important role in cardiac function. Extrapolation to the whole heart of our results from isolated myocardial preparations would suggest that, under conditions that reduce myoplasmic [Ca21], the rate of rise of ventricular pressure would be slowed, stroke volume reduced, and cardiac output diminished.
